Hydrogen oxidation kinetics without and with trace amounts of CO in H 2 were investigated for carbon-supported catalysts consisting of Pt submonolayers on Ru nanoparticles prepared by spontaneous deposition and commercial Pt, Ru, and PtRu alloy catalysts. Thin catalyst layers were deposited onto a glassy carbon rotating disk electrode without using Nafion film to stabilize them. Nonlinear fittings of the entire polarization curves at several rotation rates were used to determine the exchange current, the Tafel slope, and the Levich slope. To ensure full utilization of the catalyst, the mass-specific activity was determined by finding the minimum Pt loading needed to have all three kinetic parameters close to those found for a polycrystalline Pt electrode. For the PtRu 20 , PtRu 10 , and PtRu 5 samples prepared by spontaneous deposition of 1/9 to 4/9 monolayer Pt on Ru, the minimum loading is 5 nmol/cm 2 (1 g Pt /cm 2 ). This is only one-third of that for Pt or PtRu ͑E-TEK͒ catalysts and only double the atomic density of a Pt͑111͒ surface, indicating that the high activity of Pt metal for hydrogen oxidation is retained when the atomic assemblies are reduced to submonolayer level on Ru. The enhanced CO tolerance was studied at low potentials by correlating the loss of the activity in 0.1% CO/H 2 with the CO coverage on Pt and Ru sites. In recent years, the research and development of the lowtemperature proton exchange membrane ͑PEM͒ fuel cell have entered a field trial stage, moving from technology demonstration to volume commercialization, promoted by environmental concerns and rising the demand for clean energy. The success of this effort will largely depend on the progress in improving fuel cell performance, reliability, and lifetime under real operating conditions, and the use of low cost materials.
In recent years, the research and development of the lowtemperature proton exchange membrane ͑PEM͒ fuel cell have entered a field trial stage, moving from technology demonstration to volume commercialization, promoted by environmental concerns and rising the demand for clean energy. The success of this effort will largely depend on the progress in improving fuel cell performance, reliability, and lifetime under real operating conditions, and the use of low cost materials. 1, 2 From the catalyst research point of view, designing real-life highsurface area catalysts at an atomic level, and evaluating their performance in terms of intrinsic kinetic parameters are becoming increasingly important. This will help to bridge the gap between the preparation methods developed largely on empirical grounds and the knowledge obtained from studies of model catalysts on well-defined surfaces and from theoretical calculations. In addition, this is also important for fine-tuning catalytic properties, and providing kinetic parameters for system modeling and mechanistic studies. 3 Recently, we have reported spontaneous deposition of Pt 4 and Pd 5 on Ru-single crystals, which facilitates a new method for the preparation of the anode catalyst for PEM fuel cells involving spontaneous deposition of Pt submonolayers on metallic Ru nanoparticles. 6, 7 The basic idea of this approach is to explore the possibility of having all the Pt atoms at the surface of Ru nanoparticles so that they can be actively involved in hydrogen oxidation and adjusting Pt coverage relative to the Ru surface to achieve high CO tolerance. This approach may lead to an ultimate reduction of Pt loading by eliminating Pt atoms from the bulk phase. In addition, some favorable electronic and bifunctional effects are expected for small-sized Pt clusters spread on Ru nanoparticle surface compared to PtRu bulk alloy. Favorable electronic effects have been suggested by the density-functional theory studies, which have shown that CO adsorption energy is the lowest on the Pt monolayer located above Ru compared to those on pure Pt, pure Ru, and on Pt-Ru mixed surface layer over Pt. 8, 9 The bifunctional mechanism 10 suggests that Ru provides active surface oxygen for oxidative removal of adsorbed CO at the neighboring Pt sites. Thus, small Pt clusters surrounded by a large number of Ru atoms should be beneficial for achieving such bifunctional effect. In order to verify these ideas for high-surface area catalysts operating with reformate hydrogen that contains a small amount of CO, the catalytic activity for hydrogen oxidation needs to be evaluated quantitatively, i.e., mass-specific kinetic characterization is necessary.
In this study, several steps were taken in order to achieve a quantitative kinetic characterization of anode catalysts for H 2 and CO/H 2 oxidation and to shed light on how the atomic structure affects the mass-specific activity and CO tolerance. Transmission electron microscope ͑TEM͒ measurements were carried out to determine the size of metal particles after Pt spontaneous deposition. Based on the observation by TEM and other properties related to preparation, a structural model was proposed, which facilitates the discussion involving the density of active sites. Kinetic parameters were determined by nonlinear fitting the entire polarization curve in the mixed kinetic and diffusion-controlled region. The mass-specific activities were then determined by finding the minimum loading needed to obtain activity comparable to that of a polycrystalline Pt electrode. In this way, full utilization of the catalyst can be verified.
Experimental
Pt ͑10% wt͒, Ru ͑10% wt͒, and PtRu ͑20% wt͒ alloy nanoparticles dispersed on XC-72 active carbon were obtained from E-TEK. Pt deposition on an Ru nanoparticle was carried out with Ru/C samples, which were first reduced in H 2 atmosphere at 150-350°C for 2 h to remove the surface oxide ͑Appendix͒ and then brought in contact with a deoxygenated solution of H 2 PtCl 6 in 0.1 M HClO 4 after cooling down to room temperature. Spontaneous deposition of Pt on metallic Ru nanoparticles took place in either H 2 or Ar atmosphere. The catalyst was then dispersed in water to a desired nominal concentration.
The thin-film rotating electrodes were prepared by placing 15 L of the catalyst suspension, which was made by vigorous shaking and 5-10 min sonification to ensure uniformity, onto a glassy-carbon ͑GC͒ rotating-electrode ͑5 mm in diameter, 0.2 cm
2 ) The metal loading is calculated from the volume and nominal concentration. In order to facilitate the discussion on an atomic basis, the samples were made with a desired atomic ratio, ranging from PtRu 20 to PtRu 5 and the metal loadings are presented in nmol/cm 2 . In other words, e.g., 5 nmol/cm 2 PtRu 20 contains about 1 g/cm 2 Pt and 10 g/cm 2 Ru. The uniformity of the catalyst layer was examined after water evaporation at room temperature. Sonification is important for a good dispersion of the catalyst, but it should not be applied for longer periods because the suspension temperature rises causing the uniformity of the deposited film to decrease. Once a thin and uniform catalyst layer was formed, there was no need for a Nafion film to cover it to prevent the loss of catalysts during rotating electrode measurements. Solutions were prepared from Optima* sulfuric acid obtained from Fisher and MilliQ UV-plus water ͑Millipore͒. An Ag/ AgCl/KCl ͑3M͒ electrode was used as a reference electrode and all potentials, E, are quoted with respect to reversible hydrogen electrode ͑RHE͒, thus E is equal to the overpotential for hydrogen oxidation reaction ͑HOR͒, .
Transmission electron microscopy ͑TEM͒ measurements were performed by using a high-resolution 300 kV field-emission microscope ͑FEM, JEOL3000F͒ equipped with an energy filter, an energy dispersive X-ray spectrometer, and an electron energy-loss spectrometer. Powder samples, mounted on Cu grids coated with holly carbon, were used in the experiments. For quantitative analysis, all the images and diffraction patterns were recorded on either a chargecoupled device ͑CCD͒ camera or an imaging plate.
Results and Discussion
Transmission electron microscopy (TEM) and structural model.-A catalyst sample with Pt to Ru atomic ratio 1:20 prepared by spontaneous deposition of Pt on Ru ͑10% wt͒/Vulcan XC 72 was examined by high-resolution TEM. Because of the small amount of Pt relative to Ru, no attempt has been made to determine the location of Pt atoms by using TEM chemical and diffraction analyses in the present study. Figure 1a shows a typical morphology of the metal nanoparticles on the carbon support. The dark spots in the image represent the nanoparticles of heavy metal atoms located at the surface of the spherical carbon balls that have an average size of about 50 nm. Measurements over a hundred metal particles from TEM images yielded an average diameter about 2.5 nm, which is only slightly larger than the 2 nm value as listed in E-TEK's specification for the Ru/C samples. Clearly, there is no significant agglomeration due to the heating and Pt deposition.
In the high resolution images, ordered atomic structures are seen as those shown in Fig. 1b, c , and d. Differences in lattice spacing and symmetry reflect different orientations of the nanoparticles. To identify the crystal structure of the particles, diffraction analysis was carried out on about 170 particles using a special computer routine based on fast Fourier transform of the lattice images of the particles. The dominant features, both in symmetry and lattice spacing, are consistent with the hexagonally close-packed ͑hcp͒ Ru single-crystal structure. An example of the diffractograms is shown in Fig. 1e , which is Fourier transferred from the boxed area in Fig. 1d , where the particle is viewed along the (1 01) direction. Figure 2 plots the distribution of the lattice spacing obtained from 170 particles. On the whole the observed lattice fringes fit well with the low index spacings ͑marked in Fig. 2͒ of the hcp Ru-single crystal. A small amount of RuO 2 may exist because the observed lattice spacing around 0.225 nm can be best explained by the ͑002͒ lattice constant of the body-centered tetragonal structure of RuO 2 .
Using the average particle size of 2.5 nm determined by TEM measurements, a ratio of surface-to-total-number of atoms for the Ru particles can be estimated to be 45% based on the calculation by Benfield 11 using an icosahedra particle model. Therefore, for the PtRu 20 sample, there are 9 out of 20 Ru atoms at the surface for each Pt atom deposited, i.e., the Pt coverage on the Ru surface is nominally 1/9 monolayer. In this study, catalyst samples are made with Pt:Ru ratio between 1:5 and 1:20, and thus the coverage is in the submonolayer range, approximately 4/9 to 1/9 monolayer. A proposed structural model for the active catalyst is shown in the insert of Fig. 2 . Pt is selectively deposited on Ru nanoparticles, not on carbon, because a metallic Ru surface acts as a reducing agent for Pt deposition. On Ru͑0001͒ single-crystal surfaces, scanning tunneling microscopy ͑STM͒ measurements have shown the formation of Pt clusters of various shapes and sizes depending on the solution concentration and deposition time. 4, 6 In this study, low Pt:Ru atomic ratios were chosen so that small clusters were expected.
Kinetic characterization of hydrogen oxidation on
Pt/C.-Hydrogen oxidation on Pt in acid solutions is one of the fastest electrochemical reactions. The current measured in standard rotation disk electrode ͑RDE͒ experiments typically rises from zero to a diffusion-limited level within less than 100 mV. Commonly, exchange currents were obtained by the slope of the j-lines within Ϯ20 mV vs. the reversible hydrogen potential and the Tafel slopes were calculated by using mass-transport corrected currents. For the three low-index Pt single crystal surfaces, studies have shown that the exchange current increases from 0.45 to 0.60 and 0.98 at 303 K in the order of Pt͑111͒ϽPt͑100͒ϽPt͑110͒ and the Tafel slopes for Pt͑111͒ and Pt͑110͒ are close to 2.3RT/2F, which is 29.6 mV/dec at room temperature ͑298 K͒. 12 For Pt nanoparticle catalysts, Schmidt et al. have demonstrated that the ideal mass transport properties of an RDE configuration can be achieved for a thin catalyst layer ͑Ͻ1 mm͒ attached to a glassy carbon electrode via a Ͻ0.2 mm thick Nafion film. 13 This is not surprising because the films are thinner than the diffusion boundary layer and the average size of the eight carbon balls, as shown in the TEM images, is only 50 nm. That is, the deviation from an ideal mass-transport behavior due to the nonuniformity of the Pt/C catalyst layer should be minimal under these conditions. In fact, as shown below, the basic equations used in kinetic analysis of a smooth RDE can be well applied for the thin-film RDE with an appropriate loading.
There are two issues which must be addressed in order to quantify mass-specific activity of a catalyst in terms of kinetic parameters for H 2 oxidation. First, we need to improve the analytic method for determination of kinetic parameters. A major difficulty in analysis is that the diffusion-controlled current is known only at high overpotentials where the measured current has reached the diffusion limitation. To extract kinetic information from measured currents, the mixed controlled potential region must be analyzed. Our approach is to simulate the entire polarization curves at several rotation rates in which a reasonable approximation for the diffusion-controlled current is used. Details will be discussed in this section using the results for the carbon supported Pt catalyst ͑E-TEK͒ as an example. The second issue, the full utilization of a catalyst, will be addressed below, together with the results on kinetic characterization of the new catalysts.
The basic assumption of the analysis is that the measured current density, j, is determined by the overall resistance to a reaction, which consists of two major components: one is related to electron transfer kinetics and the other results from mass transport limitations. Using the inverse of current to express the resistance yields
where j k and j d represent the currents, controlled by electron transfer kinetics and mass transport ͑mainly diffusion͒ properties, respectively. 14 Our goal is then to use a simple method of estimating j d under rotating disk conditions so that j k can be extracted from measured currents.
In previous thin-film RDE studies, the catalyst was attached to a glassy carbon electrode via a thin Nafion film. 13, 15 The additional resistance due to the diffusion through the Nafion film 16 is a concern for detailed analysis. By systematically reducing both the catalyst loading and the Nafion film thickness, 6 we found that a catalyst film can be attached to a glassy carbon without Nafion film. The typical metal loading for 10% Pt/C or 20% PtRu/C is 10 to 30 nmol/cm 2 , which is equal to 2-6 g/cm 2 of Pt. As a typical example, the hydrogen oxidation current densities at three different potentials are shown in Fig. 3a for a Pt/C sample with a Pt loading of 15 nmol/cm 2 as a function of the square root of rotation rate, 1/2 . The potential-dependent current densities measured at three different rotation rates are shown in Fig. 3b . These curves were obtained by averaging the currents in the positive and negative sweeps in order to minimize the dependence on sweep direction and rate. The good agreement between the values at 30 mV in the three j(E) curves with different rotation rates in Fig. 3b and those in the j( 1/2 ) curve at 30 mV shown in Fig. 3a obtained by varying the rotation rate while the potential was held at 30 mV, indicates that the potential dynamic effect is minimized, and hence the curves obtained by this method are true polarization curves.
For RDE, a linear relationship between the diffusion-limited current, j l , and the square root of rotation rate, 1/2 , is described by the Levich equation
where B is the Levich constant, and c b is the reactant concentration in bulk electrolyte. For nonlimiting current conditions, a change in concentration gradient needs to be considered, which can be expressed as
where c s is the nonzero reactant concentration at the electrode surface. In many cases it is neither easy nor necessary to determine the values for the Levich constant, B, and the concentration, c s , and it is convenient to have their product, B(c b -c s ), as the Levich slope, Bc, which is used as a single parameter in data analysis. When at high potentials a current reaches a plateau, the surface concentration is often assumed to be zero, so that the Levich slope is equal to Bc b . For hydrogen saturated 0.5 M H 2 SO 4 solution at 25°C, the Levich slope under diffusion-limiting conditions has been determined to be 0.0578 mA cm Ϫ2 rpm Ϫ1/2 at high overpotentials on a polycrystalline Pt electrode, which is slightly smaller than the value (0.0654 mA cm Ϫ2 rpm Ϫ1/2 ) calculated from the diffusivity of hydrogen and the kinematic viscosity of the electrolyte. 19 By combining Eq. 1 and 3, we have
This equation can be used to obtain the kinetic current at a given potential. For example, the kinetic parameters, listed in Fig. 3a , were obtained from the best fits to the data. These parameters are the same as those determined by using Eq. 4 in the Levich-Koutecky plot shown in Fig. 4a . The Levich-Koutecky plot has been extensively used because the linear fit is easier to analyze with the 1/j k and 1/Bc obtained separately from the slope and intercept. However, showing the data directly in the form of current as a function of potential facilitates comparison of raw data and Eq. 5 can be easily extended to include the Tafel equation for j k .
As shown in Fig. 3a , the Levich slope, Bc, is 0.058 mA cm Ϫ2 rpm Ϫ1/2 at both 100 and 50 mV, but it decreases to 0.056 mA cm Ϫ2 rpm Ϫ1/2 at 30 mV. This is caused by the smaller value of (c b -c s ) because 30 mV is not high enough to have the hydrogen concentration at the electrode surface be zero even at low rotation rates. The value of j k increases rapidly from 17 to 51 mA/cm 2 as the potential is increased from 30 to 50 mV. At 100 mV, the measured current reaches a diffusion-limited value for the rotation rates up to 1600 rpm. The small deviation of the measured current from the limiting current at higher rotation rates ͑up to 4900 rpm͒ is barely measurable, which made the determination of j k difficult. It has a value of 106 mA/cm 2 , which is much larger than the diffusion-limited current of 0.058 ϫ 70 ϭ 4.06 mA/cm 2 . Clearly, the uncertainty in determination of j k becomes quite large at high overpotentials. Therefore, a better way to obtain the j k as a function of potential is to find the functional parameters by fitting the entire polarization curve.
The kinetic current as a function of overpotential, (ϭE vs. RHE͒, has been commonly described by the Tafel equation Fig. 3a with the least-squares regression lines. ͑b͒ The best fits ͑solid lines͒ for the measured polarization curves ͑circles, the same data as in Fig. 3b͒ obtained by using Eq. 11 with bЈ ϭ 19.9 mV/dec yield the same j 0 for all three curves. Diffusion-controlled currents at 30 mV ͑plus signs͒ are calculated by using Bc ϭ 0.056 mA cm Ϫ2 rpm Ϫ1/2 ͑obtained from the Levich plot͒. The dashed and dotted lines are the potential dependent j d calculated by using Eq. 10 with bЈ ϭ 19.9 and bЈ ϭ 29.6 mV/dec, respectively. The dot-dashed line shows the kinetic current.
where j 0 is the exchange current density over the geometric area of the electrode and b is the Tafel slope. For small overpotentials, the current of the reverse reaction cannot be ignored. By assuming the symmetry factor is 1/2 the equation that better describes the polarization curve is
Combining Eq. 5 and 7 results in
The solid lines in Fig. 3b show the best fits to the data by using Eq. 8 with j 0 and Bc being the adjustable parameters for each curve and the Tafel slope, b, fixed at the calculated value of 29.6 mV/dec by using 2.303RT/2F with T ϭ 298 K. This value has been determined for Pt͑110͒, 21 and Pt polycrystalline 19 electrodes for the recombination reaction being the rate-determining step. We observed that j 0 and b are slightly coupled, i.e., for b being slightly smaller or bigger (Ϯ2) than 29.6, the data can be fitted equally well with j 0 being slightly smaller or bigger than the value obtained with b ϭ 29.6. Despite these uncertainties, the excellent fit with b ϭ 29.6 Ϯ 2 mV/dec suggests that the reaction mechanism for Pt nanoparticles is essentially the same as the one found for Pt͑110͒ or polycrystalline Pt surfaces.
The Levich slopes obtained from the best fits are the same (0.058 mA cm Ϫ2 rpm Ϫ1/2 ) for the curves at three different rotation rates. This is most evident at high overpotentials where the diffusion-limited currents depend linearly on 1/2 for rotation rates between 900-2500 rpm. The ideal behavior has also been demonstrated for thicker catalyst layers ͑Pt loading 7 g/cm2 and layer thickness р1 m) with a thin Nafion film (р0.2 m). 13 In the absence of a Nafion film, we found that the linear relationship between the diffusion-limited current and the square root of the rotation rate holds rather well for a quite large range of catalyst loadings (р2 m thick͒ for rotation rates between 900 to 3600 rpm. These facts suggest that the lateral diffusion due to the nonuniform activity and the roughness of catalyst layers are negligible under our experiment conditions.
The exchange current, j 0, was found to be close to 1 mA cm Ϫ2 , but it is not the same for all three curves ͑see the list in Fig. 3b͒ . The small discrepancy in j 0 is not a major problem for comparing catalysts activities since its magnitude is about the same as the statistical error of the measurements for a given catalyst. Understanding its origin, however, is important. From Eq. 3, one can see that the diffusion controlled current has to be smaller than j l in the mixed controlled potential region because the nonzero surface concentration will result in a smaller Levich slope than that for a diffusion limited current. Furthermore, because c s changes from c b to zero, as the actual current increases from zero to the limiting value with increasing potential, the diffusion-controlled current, j d , should rise from zero to j l in a similar fashion as the measured current does. To verify that the simple approximation of using the potential independent j l as j d is the cause of the inconsistency, we provide an analysis with a potential-dependent j d .
A diffusion-controlled current-potential relationship has been proposed by Breiter et al. 22 based on the variation of hydrogen surface concentration over mixed kinetic and diffusion-controlled potential region, 23 which can be expressed by
where d is the diffusion overpotential. Note that (1-j/ j d ) has often been written in this equation instead of (1-j d / j l ) because in those cases the j d represents diffusion-limited current ͑i.e., j l in our notation͒ and the j represents the current as a function of potential under diffusion control ͑equivalent to our definition of j d ). Rearranging Eq. 9 to the form of j d as a function of d and replacing 2F/RT with 2.3/b, we obtain
Since d ϭ -k is not measurable, it is replaced by the measured overpotential, , in the second step. The Tafel slope, b, is then replaced by another adjustable parameter, bЈ in order to approximately describe j d as a function of measured overpotential. As shown in Fig. 4b , the j d () curves with bЈ ϭ b yield lower values for j d ͑dotted lines͒ than those obtained by using the Levich equation ͑plus signs͒. A simple way to reduce this error is to allow bЈ to be smaller than b so that the calculated j d decreases less rapidly with decreasing potential. Combining Eq. 1 3, 7, and 10, we obtain
The fittings by Eq. 11 to the data are shown in Fig. 4b by the solid lines. The value of bЈ was adjusted so that the fitted values for j 0 became a constant for all three sets of data with different rotation rates. In addition, the components of j k and j d deconvoluted from the measured currents are shown in Fig. 4b by the dashed-dotted line and the dashed lines, respectively. At ϭ 30 mV, the values calculated with Bc ϭ 0.056 mA cm Ϫ2 rpm Ϫ1/2 , as determined by using the Levich plot and shown by the ϩ signs, are all in excellent agreement with the values represented by the dashed lines, which are calculated with bЈ ϭ 19.9 mV/dec, confirming the consistence of the analysis method.
To provide further support for the above explanation, a similar analysis was carried out for the data for Pt polycrystalline electrodes. Several data points digitized from the polarization curves published by Gasteiger et al. 19 are shown in The above discussions show that the simplification of using the potential independent j l over the entire potential region causes a lower exchange current, and the magnitude of this error is smallest at the highest rotation rate. Although this problem can be corrected by assuming a reasonable potential-dependent diffusion-controlled current, it is, however, often sufficient to use the kinetic parameters obtained with the j l at the same rotation rate ͑the higher rotation rate is preferred͒ for the purpose of comparison of catalyst activities since the error is systematic and relatively small. 20 /C and comparison with PtRu/C and Ru/C.-In order to make a meaningful comparison of activities of different high surface area catalysts, not only the polarization curves need to be quantitatively analyzed, but also their full utilization has to be ensured. One example is given in Fig. 6a , where the polarization curves at 2500 rpm with different catalyst loadings for PtRu/C ͑20% wt E-TEK͒ are shown. A significant increase of activity occurs when the loading is doubled from 10 to 20 nmol/cm 2 , but not with another increase to 30 nmol/cm 2 . These results indicate that full utilization of the catalyst in hydrogen oxidation requires a rather low loading. For Pt/C catalysts, it has been reported that although a linear relationship between the total charge in hydrogen adsorption/desorption region and the Pt loading holds up to 28 g/cm 2 ͑corresponding to about 140 nmol/cm 2 ), the hydrogen oxidation activity appears indistinguishable for Pt loadings of 7, 14, and 28 g/cm 2 with rotation rates up to 3600 rpm. 13, 15 This suggests that although some surface areas are fully active for hydrogen adsorption, the reaction rate for hydrogen oxidation on them may be limited by the hydrogen diffusion rate in the catalyst layer. Therefore, it is better to compare the minimum loading for the same activity than using the same loading to compare measured activities, because the former ensures full catalyst utilization. For PtRu/C, this minimum loading is about 15 nmol/cm 2 , the same as that for Pt/C discussed in the previous section. This is not surprising because in both cases the amount of Pt is the same, and it is known that hydrogen oxidation activity on Ru at room temperature is very low. 18 For a PtRu 20 /C catalyst made by spontaneous Pt deposition on 10% wt Ru/C, a large number of measurements were carried out. The minimum loading for obtaining a polarization curve similar to those obtained for 15 nmol/cm 2 Pt/C or PtRu/C was found to be 5 Ϯ 1 nmol/cm 2 , i.e., one-third of the Pt amount in those catalysts. A typical polarization curve is given in Fig. 6b by the circles with the solid line showing the best fit obtained with b fixed at 29.6 mV/dec, yielding j 0 ϭ 1.30 mA/cm 2 and Bc ϭ 0.059 mA cm Ϫ2 rpm Ϫ1/2 , very close to those obtained on PtRu/C samples. The solid line in the insert of Fig. 6b shows the corresponding kinetic current as a function of potential.
Mass-specific activity determination for PtRu
It is also interesting to find the relative contribution of Pt and Ru in the PtRu 20 catalyst to the hydrogen oxidation current. In Fig. 7a , a voltammetry curve for hydrogen oxidation on PtRu 20 (5 nmol/cm 2 Pt and 100 nmol/cm 2 Ru) catalysts is shown over a wide potential range, along with those for Pt (15 nmol/cm 2 ) and Ru (100 nmol/cm 2 ). Despite the higher loading of Ru than that of Pt, the hydrogen oxidation current is much weaker on the pure Ru than the pure Pt sample. In addition, the current on Ru peaks around 0.2 V, similar to the observation on a polycrystalline Ru electrode. 19 The decrease of activity at potentials higher than 0.2 V has been attributed to the surface oxidation of Ru. This also affects the curve for PtRu 20 , where the current starts to decrease at a more negative potential than on Pt.
In order to compare the activity in terms of kinetic current, the current density as a function of rotation rate at 0.2 V was measured for all three catalysts. The data and analysis results are shown in Fig.  7b . While the kinetic currents are more than 100 mA/cm 2 for the 15 nmol/cm 2 Pt and 5 nmol/cm 2 PtRu 20 samples, it is only 1.0 mA/cm 2 for the 100 nmol/cm 2 Ru sample. This shows that the additional Ru in the PtRu 20 sample is not the reason that the minimum load for Pt ͑5 nmol͒ is much lower than that of Pt/C catalysts ͑15 nmol͒. Since the ratio of 1/3 between PtRu 20 and Pt in minimum loading is close to the ratio of surface to total number of atoms for the Pt particles, the enhanced mass-specific activity can be largely accounted for by the high surface exposure of Pt atoms in the PtRu 20 sample. An additional contribution may results from synergistic effects due to the interaction between Pt and Ru.
From a catalyst-design point of view, these results confirm that Pt can be highly dispersed on Ru to enhance the mass-specific activity for hydrogen oxidation. This is in sharp contrast to the cases of oxygen reduction and methanol oxidation, where the specific activity decreases when Pt particle size is reduced below 5 nm due to the increase of OH adsorption strength with decreasing particle size. 24 Although the size of Pt clusters in the PtRu 20 sample remains unknown so far, one can reasonably expect a size of several atoms because there is only one Pt for every nine surface atoms of the Ru nanoparticle as discussed in the section on Kinetic characterization of hydrogen oxidation on Pt/C. For hydrogen oxidation, a recent study of Pd on a Au͑111͒ single-crystal surface has shown that Pd clusters, as small as dimers, are active for hydrogen adsorption and oxidation. 25 Together, these results bode well for using ultrahigh dispersion of Pt to significantly reduce Pt loading in the anode catalyst for hydrogen fuel cells. 20 .-Potentiodynamic current densities were measured for the PtRu 20 thin-film RDE in oxidation of CO and CO/H 2 mixtures. A typical example is shown in Fig. 8 for the oxidation of 0.1% CO/H 2 mixture after holding potential at 0.05 V for 2 h ͑solid line͒. The small oxidation current at the beginning of the positive sweep shows that CO adsorption is close to saturation, but is not saturated. The H 2 oxidation current decays further with time before the potential reached 0.45 V. At about 0.5 V, where the onset of CO oxidation occurs in CO-saturated solution ͑dashed line͒, the current starts to rise, due to both CO oxidation and the recovered activity for H 2 oxidation. The current decreases at potentials positive of 0.8 V, which may cause irreversible changes in the catalytic activity. To prevent this, the positive potential limits have been usually set to 0.7 V, which is about the open-circuit potential in N 2 saturated solution. In the negative potential sweep, the rising current shows a recovery of hydrogen oxidation activity, which continued until the potential 18 Solid lines are the best fits by using Eq. 8. The inconsistency in j 0 ͑listed in the lower corner͒ has the common trend as shown in Fig. 3b . The values of j k and Bc obtained from analysis of the rotation rate dependence at different potentials are listed in the upper corner. The diffusion-controlled currents calculated from the potential dependent Bc ͑plus signs͒ are higher than those given by diffusion-overpotential curve calculated by Eq. 11 with bЈ ϭ 29.6 mV/dec ͑dotted lines͒. . The solid lines are the best fits to Eq. 5.
Oxidation
reached 0.2 V. The large hysteresis shows the difficulty in reaching steady state due to the complicated surface process involving hydrogen adsorption in competition with CO and OH adsorption coupled with the oxidative removal of CO, which depends on the OH adsorption.
The rather featureless voltammetry curve in nitrogen-saturated solution suggests that the surface of the Ru nanoparticles is more similar to a polycrystalline Ru than the close-packed Ru͑0001͒ surface. This is consistent with the fact that for 2 nm metal particles, the surface atoms are mainly at the edges with only about 30% in the close-packed facets. 11 The Ru͑0001͒ surface is known to be much less active to surface oxidation than any other Ru surfaces, especially in sulfuric acid due to the inhibition effect of sulfate adsorption. 26 In contrast to the surface oxidation of Ru͑0001͒, the oxidation of polycrystalline Ru occurs at a very low overpotential and exhibits a constant current over a wide potential region. The current is nearly one order of magnitude higher than the current peak for the Ru͑0001͒ surface. Obviously, for the purpose of enhancing CO oxidation, surface oxidation of Ru at a low potential is preferred, and it is expected to occur with Ru nanoparticles.
To study the role of Ru at low potentials where the hydrogen fuel cell operates, kinetic analysis was carried out to determine the relationship between the catalytic activity and CO coverage. Figure 9a shows the polarization curves obtained for the PtRu 20 catalyst in pure hydrogen ͑circles͒, and in 0.1% CO/H 2 after the current at 50 mV fell to about one-half ͑plus signs͒ and one-fourth ͑triangles͒ of that one in pure H 2 . The data for pure hydrogen were analyzed by using Eq. 8 with b fixed at 29.6 mV/dec. The average j 0 and Bc for the data at three different rotation rates are 1.14 Ϯ 0.14 mA/cm 2 and 0.059 Ϯ 0.001 mA cm Ϫ2 rpm Ϫ1/2 , respectively. To correlate the observed changes in the polarization curves with CO coverage, a simple site blocking model was used, in which the reactivity for free Pt sites is not affected by adsorbed CO molecules. Thus, the Tafel slope remains constant and a reduction factor, (1 Ϫ CO ) n , is added to both kinetic current, j k , and diffusion-limited current, j l , where n is the reaction order for hydrogen oxidation with respect to Pt sites. Note that the (1 Ϫ CO ) n term cancels out by each other in the j k / j l term and thus one can write j͑,, CO 
The expression shows that if the maximum current at high overpotentials is reduced from the diffusion limited current by the same factor as the kinetic current is, the effect is similar to a reduction of active surface area, i.e., a simple geometric site blocking. The two sets of data for PtRu 20 in 0.1% CO/H 2 can be well fitted by using Eq. 12 with j 0 , b, and Bc fixed at 1.14 mA/cm 2 , 29.6 mV/dec, and 0.059 mA cm Ϫ2 rpm Ϫ1/2 , respectively, while allowing only CO to vary. This differs distinctly from the behavior on Pt nanoparticles, where the loss of activity is more severe at low overpotentials as shown in Fig. 9b . The coverage obtained from the fitting depends on the reaction order, n. Since this has not been clearly determined so far, 3, 27 the results for both n ϭ 1 and n ϭ 2 are given in Fig. 9a . These values were obtained by averaging over three parameters for the data at different rotation rates. For n ϭ 2, the CO coverage is 0.27 Ϯ 0.02 and 0.48 Ϯ 0.01, corresponding to the effective value of j 0 equal to 54% and 27% of the value in pure hydrogen, respectively. Note that the Ru sites contribute rather little to hydrogen oxidation current in comparison with Pt sites, the percentage of active sites blocked by CO adsorption obtained above can be considered as a CO coverage on the Pt sites.
The total CO coverage, including both Pt and Ru sites can be estimated from the CO striping charge. Following each activity measurements, the solution was purged by N 2 and the potential was cycled between 0.05 to 0.7 V at 20 mV/s. As shown in Fig. 10a and b, the oxidation currents are higher in the first two or three cycles ͑solid line͒ compared to the base voltammetry curve measured before CO containing gas was used ͑dashed line͒. These excess currents were integrated to obtain the CO stripping charge, which are 1.91 and 2.82 mC/cm 2 corresponding to the first and second activity measurements shown by the plus signs and triangles in Fig. 9a , respectively. Similarly, a stripping charge of 6.60 mC/cm 2 was found when the CO adsorption was saturated. The CO coverage with respect to the saturated value can then be determined from the ratio, q CO /q sat . This yields coverages of 32 and 47%, respectively, relative to the total surface area including both Pt and Ru sites. These values are close to the percentage of blocked active sites ͑mainly on Pt͒ obtained by kinetic analysis of the activity for hydrogen oxidation with n ϭ 2, which are 0.27 and 0.48, respectively.
For a 2e reaction, the CO stripping charge of 6.6 mC/cm 2 is equivalent to CO coverage of 31.4 nmol/cm 2 . This value is much larger than what can be adsorbed on Pt sites because the total atomic density of Pt in the catalyst layer is only 5 nmol/cm 2 . For both Pt and Ru, the surface atomic density, estimated from the ratio of surface to total number of atoms ͑45:100͒ and the total 105 nmol of metal atoms contained in 5 nmol of PtRu 20, is 47 nmol/cm 2 . Thus, the saturation coverage for CO with respect to the total number of Pt and Ru surface atoms is equal to 0.66 monolayer ͑i.e., 31.4/47 ϭ 0.66). It is known that CO forms an ordered (2 ϫ 2)-3CO phase on Pt͑111͒ with 0.75 monolayer coverage 28 and several ordered phases with less than 0.5 or 0.67 coverage on Ru͑0001͒. 29, 30 The 0.66 monolayer coverage found on the PtRu 20 catalyst surface is in the range expected from a Pt and Ru mixed surface and, therefore, suggests that when the hydrogen oxidation activity vanishes, CO blocks not only the Pt sites, but also nearly all the Ru sites.
To further elucidate the role of Ru in CO tolerance, measurements for PtRu 10 and PtRu 5 samples have also been carried out. With the Pt loading kept at 5 nmol/cm 2 , the Ru loading is reduced and thus the stripping charge for saturated CO adsorption decreases from 6.6 mC/cm 2 (PtRu 20 ) to 3.2 and 1.7 for the PtRu 10 and PtRu 5 samples, respectively. However, the percentage of blocked Pt sites obtained by analysis of the polarization curve with n ϭ 2 does not change significantly (Ϯ15%). This suggests that the limited CO tolerance is not due to the limited amount of Ru-OH sites. The problem is the strong CO adsorption on Ru, which gradually wins the competition with Ru-OH formation at low potentials. Further studies of fine-tuning of the catalyst composition need to be carried out at the fuel cell operation temperature with lower CO concentration or with air bleed.
Conclusions
Analysis of hydrogen oxidation kinetics has been made for thinfilm rotating disk electrodes. Kinetic parameters were determined by fitting the entire polarization curves. This procedure can quantify the kinetic parameters of a fast hydrogen oxidation reaction and evaluate the effect of CO adsorption at low potentials.
For hydrogen oxidation on Pt-containing electrocatalysts, the mass-specific activities were determined by finding the lowest Pt loading needed to achieve the Tafel slope, exchange current density, and the Levich slope comparable to those found for polycrystalline Pt electrodes (b ϭ 29.6 mV/dec, j 0 Ϸ 1 mA/cm 2 , and Bc ϭ 0.058 mA cm Ϫ2 rpm Ϫ1/2 ). This verifies full utilization of the catalyst in H 2 oxidation. The minimum Pt loading for the PtRu 20 , PtRu 10 , and PtRu 5 samples prepared by spontaneous deposition of 1/9 to 4/9 monolayer of Pt on metallic Ru nanoparticles is 5 nmol/cm 2 (1 g Pt /cm 2 ), which is only one-third of the loading needed for Pt or PtRu ͑E-TEK͒ catalyst and only twice the atomic density of a Pt͑111͒ surface, indicating that the high activity of Pt metal for hydrogen oxidation is retained when the atomic assemblies are reduced to 2D islands or small 3D clusters on Ru. This result bodes well for using ultrahigh dispersion of Pt to significantly reduce Pt loading in hydrogen anode catalysts. Fig. 9a , where the CO adsorption caused a loss of activity by about one-half ͑a͒ and three-quarter ͑b͒. The dashed line shows the base current in the absence of CO. The current in the first two or three positive sweeps were integrated after subtracting the base current for the charge related to CO stripping discussed in the text.
The CO tolerance at low potentials was studied by correlating the loss of activity in 0.1% CO/H 2 and the CO coverage on Pt and Ru sites. While the Tafel slope suffers a significant increase upon CO adsorption on the Pt/C catalyst, the low Tafel slope remains unchanged for the PtRu 20 and the site-blocking effect is a constant factor at low potentials. The loss of CO tolerance with time results from CO adsorption on Ru, which gradually wins the competition with Ru-OH formation at low potentials and the bifunctional mechanism becomes inoperative. This problem may be partially dealt with by air bleeding and further research efforts are needed to reduce CO adsorption on Ru. In situ monitoring of surface oxide reduction of Ru nanoparticles in H 2 flow during a constant rate temperature increase from 25 to 800°C. ͑a͒ Water formation detected from the exit gases; ͑b͒ XRD intensity from metallic Ru particles; ͑c͒ diffraction peak width.
